Coordinated regulation of mRNA localization and local translation are essential steps in cellular asymmetry and function. It is increasingly evident that mRNA-binding proteins play critical functions in controlling the fate of mRNA, including when and where translation occurs. In this review, we discuss the robust and complex roles that mRNA-binding proteins play in the regulation of local translation that impact cellular function in vertebrates. First, we discuss the role of local translation in cellular polarity and possible links to vertebrate development and patterning. Next, we discuss the expanding role for local protein synthesis in neuronal development and function, with special focus on how a number of neurological diseases have given us insight into the importance of translational regulation. Finally, we discuss the everincreasing set of tools to study regulated translation and how these tools will be vital in pushing forward and addressing the outstanding questions in the field.
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In the past few decades, spatial restriction of protein accumulation through translational repression and mRNA localization has emerged as key regulators in eukaryotic biology. While initially viewed as restricted to handful of mRNAs, recent work has demonstrated that the vast majority of mRNAs in the Drosophila embryo show distinctive localization patterns corresponding to their protein distributions [1] and additionally it has emerged that regulation of translation is a highly regulated step in controlling protein homeostasis in the cell. These studies highlight the importance of understanding the mechanisms underlying regulation of local translation.
Localization of mRNA and translational repression are intricately linked to spatially restrict protein accumulation and prevent ribosomal association from impeding processive transport of mRNA (Fig. 1 ). It has long been speculated that polyribosomal association would impair dynamics of mRNA, and also fail to spatially restrict protein accumulation. Recent experimental evidence has demonstrated mRNA that is undergoing translation shows reduced dynamics in the cytoplasm [2] (Fig. 1A ,B) relative to translationally repressed mRNA ( Fig. 1C-E) . By coupling these two processes, not only does the cell have more efficient transport of the mRNA but also can respond to Abbreviations AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis; ALS, amyotrophic lateral sclerosis; APC, adenomatous polyposis coli; ATF4, activating transcription factor 4; BAC, bacterial artificial chromosome; CLIP, crosslinking and immunoprecipitation; DM, myotonic dystrophy; EM, electron microscopy; FISH, fluorescent in situ hybridization; FMRP, fragile X mental retardation protein; FTD, frontotemporal dementia; FUNCAT, fluorescent noncanonical amino acid tagging; FXS, fragile X syndrome; LTD, long-term depression; LTP, long-term potentiation; Shh, sonic hedgehog; SMA, spinal muscular atrophy; SMN, survival motor neuron; SRP, signal recognition particle; TRAP, translating ribosome affinity purification. extracellular cues that allow rapid on-site, on-demand translation of key proteins in response to these cues, such as in growth cone turning and guidance [3] . However, it is increasingly clear that the mechanisms of both localization of mRNA and regulation of translation are highly diverse and essential processes regulating everything from synaptic plasticity to organismal patterning.
In this review, we will discuss regulation of local translation and mRNA localization in normal cellular and neuronal function and how dysregulation of these processes underlies a number of disease states.
Additionally, we will address emerging technologies, which will further enhance the studies of these processes.
Polarity-from the basal to apical membranes and beyond
The first descriptions of local protein synthesis were that of translation at the rough endoplasmic reticulum (RER) (Fig. 2A) . The majority of this localization is in fact dependent on translation, utilizing the signal recognition particle (SRP)-dependent pathway [4] . However, recent work has started to characterize a number of cases of SRP-independent mechanisms targeting mRNAs to the ER [5] [6] [7] , including mRNAbinding protein-dependent localization, including the muscleblind family of mRNA-binding proteins [8] .
Integrating both genome-wide RNAseq and subcellular fractionation, the local rough ER-associated transcriptome, along with additional subcellular compartments were identified. Their results demonstrated that MBNL proteins bind to 3 0 UTR sequences and regulate the cytoskeletal-dependent targeting of hundreds of mRNAs to the rough endoplasmic reticulum. More recently, MBNL protein binding to 3 0 UTR sequences was shown to play a role in gene-distal polyadenylation and RNA localization to neuronal processes of cultured neurons [9] , indicating that the same protein may function to direct and regulate RNAs to multiple subcellular locations.
The ER in addition to being a site of local protein synthesis also may serve as a location of translational regulation as well [10] . ER is not the only membranebound organelle enriched for mRNA and translation, and mitochondria [11, 12] which have their own ribosomes and RNA, do require localization of a number of nuclear-encoded transcripts (Fig. 2B) .
The earliest report of vertebrate mRNA which was localized and locally translated, was for the transcript b-actin [13]. Being first described to localize at the leading edge of migrating fibroblasts [14, 15] , it is also widely detected in a number of protrusions of the membrane and cytoskeleton such as in axonal growth cones [16] [17] [18] [19] [20] and dendritic spines [21] [22] [23] . Recent work has also identified b-actin as an important component of the basal membrane, specifically localizing at focal adhesions [2, 24, 25] (Fig. 2C) . Studying the mRNA-binding protein responsible for the localization of b-actin, IMP1/ZBP1, the authors demonstrate, using mouse embryonic fibroblasts derived from knockout mice, that IMP1/ZBP1 is required for b-actin mRNA localization to the focal adhesions, and that focal adhesion strength is substantially impaired Coupling of translational repression through mRNA-binding protein association functions to spatially restrict protein accumulation and accelerate the dynamics of transporting mRNA. Nonlocalizing mRNA that is undergoing translation is coated with polyribosomes (A) limiting and slowing its movement in the cytoplasm. If translating mRNA were to be transported, the bulk of the ribosome association would impede its rapid and processive movement through the cytoplasm along cytoskeletal tracts (B). However, translationally repressed mRNA with limited ribosomal association will rapidly be transported through the cytoplasm to distal sites (C) and when the mRNA reaches its target destination, changes in the post-translational modification profile of the mRNA-binding proteins will relieve translational repression (D) and allow rapid local translation and protein accumulation (E).
in IMP1-depleted cells. Furthermore, by directly tethering b-actin mRNA, utilizing the MCP-MS2 system fused with viniculin, they were able to show that localized b-actin mRNA regulates both the size and lifetime of focal adhesions. Aside from mRNA localization at the basal membrane, increasing evidence has demonstrated localization of mRNAs as important at a number of lateral membrane structures, including the tight junction [16] and the desmosome [26] (Fig. 2D-F) .
With an increasingly evident role of mRNA localization at the basal and lateral cellular membranes, it has remained likely that similar roles exist for the apical membrane as well. Increasing reports of a number of extracellular microvesicles and exosomes, which originate from the apical surface, have described them as being enriched in a number of RNAs, including mRNAs [27, 28] . Work remains to be done to address how RNAs are delivered to the apical region and incorporated into these extracellular membrane structures (Fig. 2G) ; however, it remains likely that it is similar in nature to RNA delivery into cellular protrusions. In a study on the composition of membrane protrusions, it was found that the microtubule-binding protein adenomatous polyposis coli (APC), which is also an mRNA-binding protein [29] [30] [31] , is enriched for a number of transcripts within membrane protrusions [30] . Additionally, recent work has identified local translation as an essential regulator of cellular protrusions [32] . Aside from cellular protrusions, the primary cilia, which is important in regulation of cellular polarity and proper signaling during development [33] and resides at the apical surface of most cells during some point in their development, may be regulated through regulation of translation. In a recent high-throughput siRNA screen, a number of translational repressors were found to be essential regulators of cilia development [34] . Given that centrosomes, which form the base of primary cilia, are known to be mRNA-associated [35] , these data suggest that essential localized regulation of translation, likely regulate establishment and maintenance of cellular polarity and function.
A vital question moving forward is to address the role of mRNA localization and local translation in vertebrate development, polarity and patterning. These processes, extensively studied in Drosophila [1, 36, 37 
Translation regulation in neuronal function
Neurons epitomize functional and morphological polarity, with highly elaborate branched axonal and dendritic compartments, and both these structures require local translational regulation for their function. As early as the 1960s, local protein synthesis was detected in synaptic preparations [40, 41] and in axons [42, 43] . Additionally, with an increasing understanding of the requirement of new protein synthesis for longterm memory [44] , it has become clear that local Fig. 2 . Regulation of local translation in cellular polarity. Local translation is abundant in polarized cells. Local translation (pink stars), both SRP signaling particle-dependent and -independent translation is widespread at the endoplasmic reticulum (A). Mitochondria are also sites of abundant localized translation (B). None membrane-bound structures are also sites of highly abundant localized translation. At the basal membrane, actin interacting focal adhesions (C), local translation helps to function in mediating adhesion lifetime and strength. At the lateral membrane, local translation is observed at the keratin-associated desmosomes (D), and actin association adherens junctions (E) and tight junctions (F). Additionally, membrane protrusions are also sites of widespread local translation (G).
translation of mRNA may underlie key aspects of neuronal function and activity [45, 46] .
Dendrites
Local protein synthesis in dendritic compartments is appreciated to play important roles in neuronal development and synaptic plasticity, which may go awry in several neurological diseases [47] . Early studies utilizing electron microscopy (EM) visualized polyribosomes localized to the base of dendritic spines, and it is these localized polysomes which are believed to play a vital role in protein synthesis-dependent synaptic plasticity [48] , and an increasingly diverse set of mRNAs have been detected in dendrites [49, 50] . Local protein synthesis has been characterized as coupled to NMDA-dependent long-term potentiation (LTP) [51] (Fig. 3A) and mGluRdependent long-term depression (LTD) [52] , and is postulated to occur at subsynatic sites within dendritic spines [53] . A number of mRNA-binding proteins regulating translation localize to dendrites, such as FMRP [54] , and are connected to neurodevelopmental disorders such as fragile X syndrome and autism spectrum disorders (discussed in section Neurodevelopmental diseases).
Axons
Local translation has been widely demonstrated in developing axons [55, 56] , where it regulates axonal outgrowth and pathfinding during axonal development [57] . A number of studies have demonstrated the importance of regulated local translation and translation repression to allow stimulus-induced translation in the growth cone (Fig. 3B) . Growth factors such as A B Fig. 3 . Regulation of local translation in neuronal function. Local translation is widespread in neurons, and contributes to neuronal function and growth. Local translation (pink stars) is regulated by synaptic activity in dendritic spines being induced by glutamate stimulation (yellow circles) of NMDAR and AMPA (purple) activity, and is essential in LTP and longterm memory consolidation (A). Local translation is widespread in developing axons (B), contributing to axonal growth cone guidance and turning in response to growth cues such as BDNF and netrin-1 (gold pentagons).
BDNF and netrin [56, [58] [59] [60] [61] can induce translation to occur in a spatially restricted fashion to facilitate growth cone turning and branching toward guidance cues. One of the best-studied mRNA-binding proteins in this process, and also highly conserved proteins, has been the mRNA-binding protein ZBP1/IMP1/ IGF2BP1/VICKZ/Vg1RBP [58, [62] [63] [64] . Mechanistically acting as a translational repressor and localizing factor for mRNA, the ZBP1 family of proteins keeps messenger RNA quiescence until it reaches its destination, where stimulus-induced src kinase phosphorylation [65] of the protein relieves translational repression and allows local protein synthesis. While traditionally linked to axonal guidance cues such as BDNF and netrin, recent work has also demonstrated this local release of ZBP1-mediated translational silencing is induced by sonic hedgehog (Shh) signaling in the axons [66] .
While local translation in dendrites and developing axons is widely accepted, it has been far more controversial in mature axons. In part, this has been due to difficulties in detecting polyribosomes in the axon, and recent work suggests this may be due to translational machinery associating directly with the plasma membrane [67] , masking ribosomes from view by electron microscopy. Recent profiling of ribosome-associated transcripts provides further support for local protein synthesis in adult axons [68] . Future work will be needed to further probe axonal compartments to fully define and characterize the mRNAs being translated in the axon, and how neuronal function is mediated by and influences these transcripts during activity.
Dysregulation of local translation in disease
Given the widespread nature of local translation in neurons and other cell types, it is unsurprising that dysregulation of these processes underlie a number of neurological and neurodegenerative diseases [69] .
Neurodevelopmental diseases
Given the widespread requirement of localized translation in Drosophila development [1] , it is not surprising that a similar requirement exists within vertebrate development as well. A number of neurodevelopmental disorders, such as fragile X syndrome and autism have substantial pathological features that may result from dysregulation of local protein synthesis (Fig. 4A,B) .
Fragile X syndrome (FXS), which results from the inherited loss of the fragile X mental retardation protein (FMRP), is the most common form of inherited intellectual disability and the leading monogenetic cause of autism [70] . FMRP functions as a translational repressor, binding to many target mRNAs encoding proteins that play key roles at the synapse [71, 72] . FMRP binding to mRNA is involved in ribosome stalling, as a general mechanism to repress translation of numerous target mRNAs [73, 74] . Furthermore, recent evidence points to FMRP binding to the ribosome itself to regulate translation [75] . Given its role as a translational repressor, excessive protein synthesis is a well-established feature of FXS [76] [77] [78] [79] . Recent work has also demonstrated that local translational regulation is also impaired in FXS [80, 81] , as FXS mice show elevated baseline protein synthesis that is unresponsive to mGluR stimulation (Fig. 4A) .
Given the overlap of FMRP target mRNAs that are linked to autism [73, 82] , it is very likely that similar underlying disease mechanisms are shared between these two diseases. This is supported by a growing body of work that have identified a number of translation regulating proteins, such as eIF4E [72, [83] [84] [85] , as factors associated with and altered in autism. Additionally, a number of reports have demonstrated multifunctional roles for various mRNA-binding proteins associated with autism, such as Rbfox1 [86] [87] [88] , which has a well-described function in splicing. In a recent study [89] , it was found that cytoplasmic Rbfox1 associates with 3 0 UTRs of a number of autism-related transcripts and blocks miRNA association. Loss of cytoplasmic Rbfox1 (Fig. 4B) leads to miRNA-mediated repression and silencing of these transcripts that are relevant to autism and synaptic development relevant, which could not be rescued by nuclear Rbfox1.
These studies underscore the importance of translational regulation in both neuronal homeostasis and plasticity. Furthermore, the heterogeneity especially within autism highlights that further RNA-binding proteins and translational regulating proteins remain to be identified which regulate synaptic plasticity.
Neurodegenerative diseases
In addition to neurodevelopmental disorders, perturbations in mRNP regulated translation occur in a number of neurodegenerative disorders, including spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS), and Alzheimer's disease (AD).
Spinal muscular atrophy is a motoneuron disease caused by reduced levels of survival motor neuron (SMN) protein due to mutations in the SMN1 gene [90, 91] . SMA is characterized by axonal degeneration and synaptic defects in the spinal motor circuitry, including maturation defects and degeneration at the neuromuscular junctions [92] [93] [94] . While SMN has an essential role in spliceosomal snRNP assembly [95, 96] , work from several laboratories has demonstrated additional SMN-dependent defects in the localization and local translation of axonal mRNAs [91,94,97-99] (Fig. 4C) . Recent studies have identified SMN in polysomal fractions [100] and reduced translation in distal axonal compartments of SMN-depleted neuronal cultures [101] . The underlying mechanisms behind the local translation defects in SMA may stem from impaired mRNP assembly and localization, or direct defects in translational regulation in SMA. This indicates a more general role for SMN in RNP complex assembly beyond its very well-characterized function in snRNP assembly and splicing regulation [102, 103] . This would suggest that SMA can be characterized as a disease of 'RNP hypoassembly' [92, 104] . SMN has also been shown to regulate miR-183 levels in neurites, thus regulating axonal translation of mTor via direct binding to its 3 0 UTR [105] , highlighting the multitude of defects, including defective regulation of translation, resulting from alterations in mRNP assembly. While myotonic dystrophy (DM) is traditionally viewed as a muscle disease, a number of neuronalassociated phenotypes are present [106] , indicating a much more complex pathophysiology. Similar to SMA, DM has been predominantly viewed as a splicing disease [107] ; however, this view has been recently challenged with the identification of MBNL proteins, which are involved in the pathophysiology of the disease being involved in subcellular localization of mRNAs to the rough ER [8] . This study identified numerous mRNAs that had impaired localization in cell culture models of myotonic dystrophy, and similar to SMA, indicates that mRNA mislocalization and therefore mislocalization of local translation as a disease mechanism in myotonic dystrophy.
Amyotrophic lateral sclerosis (ALS) is the most common form of adult-onset neurodegenerative disease of the motoneurons [108] . It shows a significant overlap in genetics, histopathology, and clinical features with frontotemporal dementia (FTD), the second most common form of presenile dementia, suggesting that both diseases are part of a disease spectrum [109] . ALS has a number of genetic causes [108] and complex pathology involving noncell-autonomous toxicity of glia, ER stress, impaired protein degradation, disruption of axonal transport, and defects in RNA metabolism [110] . A number of genes causing ALS encode mRNA-binding proteins, which regulate translation such as FUS/TLS [31, 111, 112] and TDP-43 [113] [114] [115] . Recent work has characterized a role for TDP-43 in concert with FMRP in translational regulation [116, 117] , which may also affect local translation in dendrites and axons [118, 119] . TDP-43 and FUS/TLS form multimers through low-complexity prion-like domains, which facilitates the assembly of membraneless organelles such as RNA stress granules, which are sites of translational suppression under stress conditions [120] . 'RNP hyperassembly' into insoluble aggregates may be a common dysfunction in the disease [104] .
Another emerging disease of interest for dysregulated local translational regulation is AD. In a recent study [121] , it was found that local Ab1-42 treatment induced the translation of the axonally localized activating transcription factor 4 (ATF4) mRNA, resulting in long-range retrograde transport of newly synthesized ATF4 and induction of cell death. This retrograde transport of ATF4 and subsequent cell death may explain the spread of AD pathology across the brain.
Axonal injury and regeneration
One additional area of interest for alterations in translation in neurons is in axonal repair after injury [122] [123] [124] [125] [126] . Unlike diseases such as FXS or SMA, alterations in local translation, specifically in enhanced localization of mRNA and translation, allows for robust axonal growth and peripheral nerve regeneration (Fig. 4E) . This upregulation of local translation is believed to require enhanced transport of mRNAs into the injured axons, translation of existing mRNAs in mature axons [127] , and depends on proper growth and signaling cues for proper axonal regeneration [126] . Ongoing work seeks to understand how these processes might be better harnessed and enhanced for both peripheral axonal injury and spinal cord injury treatment [128] .
Studying local translational regulation: the ever-improving toolbox
Coincident with the expansion of studies examining local translational regulation has been a renaissance in the development of increasingly sophisticated and sensitive set of tools to address localized translation and the processes that regulate it. Here we will discuss current technologies in the field and the outstanding questions in the field that are being addressed with them.
Defining where mRNA is in space and time Perhaps one of the most important innovations in our understanding of post-transcriptional regulation has been deciphering where mRNA is localized within the cell. Major breakthroughs into understanding RNA distribution in the cell have come from single molecule fluorescent in situ hybridization (FISH) studies, visualizing mRNA distribution in the cell. This has led to not only widespread characterization of where single transcripts are localized [129, 130] but also with the development of innovative multiplexed versions of FISH [131, 132] , it is possible to quantify the numbers and locations of thousands of RNA species in [133] intact cellular structures. Work has also demonstrated the compatibility of RNA FISH with expansion microscopy, allowing even greater insight into the subcellular localization of RNA transcriptions. Additionally, further refinements and coupling with clearing procedures such as CLARITY [134] have allowed enhanced resolution of RNA localization in intact tissues with high spatial resolution. Despite the power and versatility of FISH, its major drawback has always been that it is in fixed cells or tissues; meaning dynamic information is out of reach.
To quantify mRNA dynamics in living cells, a number of approaches have been successfully utilized, including the use of molecular beacons [135] and the MS2 tagging approach [136] . Molecular beacons are self-quenching oligonucleotide hybridization probes that remain in a quenched 'dark state' when not hybridized to their specific target. Their strength lies in both the strength of the signal that they produce, as they rely on fluorescent dyes rather than proteins, and that they target endogenous RNA rather than relying on a reporter-based system. While a number of elegant studies have successfully employed them [137] , the delivery into the cell remains a serious drawback.
The most widely used method of RNA tracking in live cells is the MS2 tagging approach [138] . This system employs the MS2 bacteriophage coat protein (MCP) fused to fluorescent proteins along with a modified RNA of interest. This RNA of interest contains the hairpin loop structures that MCP recognizes, and allows direct fluorescent labeling of RNA in living systems. This system has been widely applied to a number of biological systems successfully, as all one requires is a means to transfect plasmids encoding the RNA of interest and MCP. Additionally with the implementation of similar bacteriophage-stem loop combinations (PP7 and kN22), multiplexing and tracking of a number of different RNA species is possible [139, 140] . However, unless the endogenous genomic locus encoding the RNA of interest is modified to encode the MS2/PP7/BoxB stem loops [139, 141] , it is impossible to resolve endogenous RNA dynamics. Additionally, there have been some reports that the MS2 system may alter the stability and dynamics of mRNA [142] .
Recent work has attempted to create novel RNA labeling strategies outside of the MS2 and molecular beacon approaches. One recent study, utilizing the CRISPER/Cas9 system, which has recently been shown to be able to target RNA in vitro [143] , to label endogenous RNA in live cells [144] . In this approach, RNA-targeting Cas9 (RCas9) is labeled with a fluorescent protein and expressed alongside the guide RNA and an oligonucleotide PAMer that recognizes the RNA(s) of interest. While only one study so far has used this approach, the possibility of direct visualization of endogenous RNA targets is extremely promising. Additionally, with recent work improving the ability to deliver RNA into cells and tissues [145] , delivering directly modified mRNAs is increasingly a viable strategy especially in vivo. RNA interactome capture [146] , which applies UV crosslinking, to irreversibly capture RNA-protein interactions, followed by oligo(dT) bead pull down of mRNA, gives a transcriptome wide view of all proteins interacting with mRNA in a cell population. Interestingly, this approach has uncovered a number of unconventional RNA-protein associations, increasing the repertoire of known RNA-binding proteins [147] . Additionally, a modification of this approach allows for mapping of domains that are associated with RNA, further expanding our understanding of RNAbinding domains [148] . Work has also attempted to understand the proteomic network of mRNP granules [149] , which will shed light on how translational repression and localization are achieved. Early studies have relied on biochemical isolation and pull down to identify proteomic networks, but with BioID [150] and APEX2 [151] labeling, it will be increasingly easy to address these questions for a number of mRNA-binding proteins.
Characterizing transcripts bound by RNA-binding proteins has also increasingly become routine. Initial attempts utilized RNA immunoprecipitation [152, 153] , adapting standard protein immunoprecipitation followed by isolation and amplification of RNA that was isolated and detection by quantitative RT-PCR for detection of specific RNAs. These protocols were readily adapted for both microarray and RNA-sequencing for a global view of the RNAs bound by specific proteins. While powerful, these approaches were plagued by evidence that RNAs interacting with proteins being immunoprecipitated could be altered following cell lysis and pull down, bringing into question the accuracy of the targets identified. Furthermore, these approaches gave a low-resolution view of where the RNA-binding protein associated with the mRNA, making it nearly impossible to define sequence motifs. Identical to RNA interactome captures use of UV crosslinking. Crosslinking and immunoprecipitation (CLIP) [154, 155] -based approaches have increased the stringency of our understanding of what RNA and protein interactions are occurring in vivo, and more importantly with the advent of approaches such as iCLIP [156] [157] [158] , it has become possible to map at nucleotide resolution where mRNA and protein associations occur, making it possible to identify sequence motifs within target mRNAs. One major limitation of CLIP-based approaches, thus far, is that tissue-specific profiling of RNA-protein association has yet to be accomplished, due to the relatively high amount of protein material required. With increasingly efficient and sensitive sequencing methodologies, this is a bridge likely soon to be crossed.
While CLIP-and other IP-based approaches have been the gold standard in the field, attempts at devising labeling strategies for RNA similar to that of BioID and APEX2 for protein labeling remain tantalizing, given the ease for scaling up and performing much more high-throughput analysis of mRNA-protein association it would afford. One such attempt, using the catalytic domain of the RNA-editing enzyme, ADAR, fused to an RNA-binding protein of interest [159] demonstrated the feasibility of such a metabolic labeling approach. Further refinements will have to be made, as of yet it gives a far lower resolution view of RNA-protein association than CLIP. Additionally, ADAR-based modification to identify associated transcripts may lead to widespread alterations in the behavior of RNA, complicating the interpretation.
Defining what transcripts are being translated and where translation occurs
Tools to profile the translatome have undergone rapid innovation in the past few years. The first important innovation was the development of the translating ribosome affinity purification (TRAP) mouse models based on a series of bacterial artificial chromosome (BAC) transgenic mice that express EGFP-tagged ribosomal protein L10a from CNS cell type-specific promoters in defined cell populations [160, 161] . The related RiboTag mouse model [162] uses a more general approach that takes advantage of the large number of available tissue-specific Cre mice and an HA-tagged exon inserted into the gene encoding for a ribosomal protein L22 (RPL22), which is flanked by loxP sites allowing for Cre-mediated recombination. As all ribosomes contain the HA-modified protein, one can isolate all ribosomes from specific tissues and profile where all mRNA transcripts ribosomes are located. While powerful on its own [163] [164] [165] , recent adaptations have further refined this protocol for isolation of ribosomes from axons in mature circuits [68] , providing the first direct evidence of widespread translation in mature axons.
These techniques of profiling translation, while powerful, do not address being able to visualize and quantify translation in intact cellular structures. A number of metabolic labeling techniques, inspired by earlier pioneering work using radioisotope-labeled methionine [166] , have allowed us to visualize where translation occurs in cells. These include techniques such as fluorescent noncanonical amino acid tagging (FUNCAT) [167, 168] , which uses a methionine analog, and puromyocin labeling [169] [170] [171] to visualize newly synthesized proteins. Recent work has demonstrated that coupling the proximity ligation assay with either FUNCAT or puromyocin labeling allows visualization of specific protein translation events [172] . Using this approach, it was shown that the mRNA-binding protein hnRNPQ regulates the translation of Gap43 mRNA [173] . Additionally, a novel labeling strategy will also likely allow cell type-specific protein labeling in vivo [174] . Utilizing a modified version of methionyl-tRNA synthetase that can charge tRNA to a noncanonical amino acid azidonorleucine, this study was able to demonstrate robust protein labeling in cultured cells, opening the door to possible tissue-specific expression and cell type-specific labeling of proteins in vivo.
The last area of active interest is not only being able to see where in cells translation occurs but also to be able to see it in real time. Initial work focused on utilizing either bleaching or photocoversion of fluorescent proteins [175] and while some truly pioneering work was accomplished using these reporters, they were unable to resolve single translation events. To address this, a number of new approaches have been utilized. In one such approach, the yellow fluorescent protein venus is used. Venus, which is exceptionally bright, has a fast maturation time, and rapidly bleaches, is ideal for quantifying single translation events in real time. Single molecule venus translation studies have been used to quantify translational dysregulation of both Arc [81] and PSD95 [80] mRNAs in mouse hippocampal neuronal cultures from a fragile X syndrome model. This technique is exceptionally powerful; however, its major drawback is the inability to track the dynamics of newly synthesized proteins overtime. This point has presented significant challenges due to the inherent photobleaching properties of fluorescent proteins, and until recently unlike the signal amplification that one can achieve with mRNA labeling with the MS2 system with multiple hairpin loop-binding sites, it has been impossible to amplify fluorescent protein labeling on single proteins. Recent work has developed a novel tagging strategy, SunTag [176] . This labeling strategy uses coexpression of fluorescently tagged single-chain variable fragment (scFv) antibodies fused to a fluorescent protein along with a protein of interest tagged with 24 repeats of the peptide motif recognized by the scFv. The amplification afforded by this tag allows single particle imaging of proteins in living cells. Recently, this labeling strategy has been successfully utilized, alongside the MS2 system, to quantify single translation events in live cells [177] [178] [179] [180] [181] . Application of this technique in vivo will be challenging due to two-part system for imaging. However, the spectacular signal-to-noise ratio will likely make this the best method for resolving translational dynamics of endogenous proteins.
Conclusions and future directions
Pioneering work in a number of cellular models, many discussed in this review, have expanded our understanding of how mRNA translation is regulated locally by mRNA-binding proteins in space and time. From neuronal activity to cellular polarity, the list of functions regulated by subcellular localization of translation continues to expand year by year.
Increasingly, it is evident that a role for local translation in processes such as polarization and development, first identified in invertebrate models such as Drosophila, is conserved in vertebrate systems. A major question remaining to be worked out in vertebrates is the extent mRNA localization and local translation plays outside the nervous system, in both development and normal cellular function. With localized mRNA and protein synthesis playing such a widespread role in Drosophila [1] , and increasing evidence that mRNA-binding protein homeostasis can contribute to carcinogenesis [182] [183] [184] , it is clear that further work needs to be done in vertebrate systems. With the revelation of local translation within mature axons of the mouse nervous system in vivo [68] , operating from a pool of mRNAs distinct from those in axonal outgrowth, more work is needed to understand the regulation and function of local translation in axonal maintenance. Evidence that axonal mRNA localization and translation is regulated by injury signals in adult axons in vivo suggests that other cues may similarly regulate these processes [127, 185] . Perhaps it plays an analogous role to that which local protein synthesis is believed to play in the dendritic spine and shaft, strengthening individual synapses in response to activity. Or it may play additional functions such as modulating presynaptic activity or neurotransmitter release. These ideas also fit more broadly into the overall question of the role of local protein synthesis in synaptic function and plasticity. From diseases such as fragile X syndrome studied in a number of cultured neuronal models, it is unquestionable that local protein synthesis plays a critical role in neuronal function. However given that cultured neuronal systems cannot replicate the full complexity of intact neuronal circuits, nor fully mimic these circuits during memory formation, it remains unclear how specifically local protein synthesis fits into synaptic mechanisms underlying learning and memory that are altered in neurologic diseases. Only through the visualization of protein synthesis in intact in vivo systems during learning and memory paradigms will it be possible to resolve the spatial and temporal contribution of local protein synthesis to synaptic function.
Another outstanding question is how proper regulation of mRNA delivery is achieved. It remains unclear what are the physiological signals which dictate where and when mRNAs are delivered. These cues may involve the increasing reports of retrograde signaling from the synapse [186, 187] that coordinately regulates local translation and mRNA stability. More work is needed to understand how physiological signals regulate interactions with specific dynein and kinesin motors. Additionally, the very nature of the structures in which mRNAs are transported remains nebulous and undefined. While accepted that mRNAs are delivered as nonmembrane-bound mRNP granules, the composition of these granules and the copy number of mRNAs contained in these structures remains to be determined. Furthermore, it remains unknown if these mRNP granules share any of the liquid-like phase transition properties seen with a number of RNP bodies such as the nucleolus and stress granules [188, 189] . If mRNP granules do share similar liquid-like properties, it may shed light on how mRNP granule assembly is regulated in space and time. However, given recent evidence of chaperone-mediated assembly of IMP1-containing mRNP granules [190] , these granules may be distinct from RNP bodies in their properties and assembly, a point that has yet to be resolved. Aside from their assembly, the regulated disassembly of mRNP granules, and thus release of translational inhibition, remains to be fully elucidated. In broad strokes alterations of mRNA-binding protein affinity for mRNA is achieved through alterations in post-translational modifications of mRNA-binding proteins in response to external cues [65, 191] . However, the full complement of external cues, which lead to alterations in post-translational modifications, and the full complement of post-translational modifications, which lead to alterations in mRNP stability, remain unknown.
These outstanding questions remain important points for the field to address, especially since the revelation of how widespread subcellular localization of mRNAs are [1] . The final and most important outstanding point to address is the very nature of the future of the field-a push in vivo. Only by studying these processes in intact and complete systems, will it be possible to truly unravel the complexities and intricacies of how localized translation regulates cellular function. In fact, had it not been by exploiting an in vivo approach, the recent revelation of mature axonal translation [68] would not have been possible. By looking in vivo, it will be possible to not only quantify the extent of local translation as it pertains to neuronal function and activity but indeed also how it contributes to development, function, and is dysregulated in disease. The insights afforded by such focus will expand our understanding of the extent of localized translation and keep the field busy for years to come. 
